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Abstract

PARAMETER STUDY OF AN INERTIAL FUSION ENERGY

CHAMBER RESPONSE USING THE 1-D BUCKY RADIA-

TION HYDRODYNAMICS CODE

Ryan Sacks,a* Gregory Moses,a Vincent Tang,b Kevin Kramer,b

Howard Scottb and James DeMuthb

aFusion Technology Institute, University of Wisconsin-Madison,

Madison, Wisconsin, 53706

bLawrence Livermore National Laboratory, Livermore, Califor-

nia, 94550

*rsacks@wisc.edu, 1500 Engineering Drive Madison WI, 53706,

269-598-3089

A parameter study of a proposed inertial fusion energy cham-

ber is performed. A baseline case of a 6 meter radius chamber

filled with 6 µg/cm3 of xenon is studied in detail. The maximum

first wall temperature is shown to be 1136 K with an overpres-

sure of 5.83 × 10−3 MPa. A parameter sweep is conducted for

the chamber by adjusting the first wall radius from 4 to 14 me-

ters, changing the gas density and by changing the fill gas from

xenon to argon. The results set limits on first wall radius for

different gases and densities. Analytic fits to simulation results

allow their use in overall engine design tradeoff studies.

Keywords: Inertial Confinement Fusion, Inertial Fusion En-

ergy, Radiation Hydrodynamics



I Introduction

Inertial fusion energy reactor conceptual designs are commonly

described by the type of driver, the type of target and the

mechanism used to protect the plasma facing surface in the re-

actor chamber, sometimes called the nuclear island or the fu-

sion engine. Driver types are heavy ion beam accelerators[1][2][3],

lasers[4][5][6][7][8] and pulsed power systems[9]. Targets are cate-

gorized as either spherical direct drive targets that are illumi-

nated uniformly over their surface by uniformly positioned driver

beams (SOLASE1, High Average Laser Power (HAPL)) or in-

direct drive targets where driver beams are clustered, usually

entering ends of the target cylindrical hohlraum from two direc-

tions in narrow cones of beams (SOLASE, High-Yield Lithium-

Injection Fusion Energy (HYLIFE), Heavy Ion Beams and Lithium

Lead (HIBALL), Laser Inertial Fusion Energy (LIFE)). The de-

sign feature used to protect the first plasma facing surface is

important because the impulsive nature of the energy release

from an exploding inertial fusion target can damage the first

wall. Therefore various mechanisms have been proposed to pro-

tect the surface from this impulsive heat loading. Inclusion of

streaming liquid metal jets between the exploding target and the

first wall (HYLIFE, HIBALL), introduction of a low pressure gas

in the fusion engine chamber (SOLASE, LIFE) or simply sizing

the chamber with a radius sufficiently large to increase the sur-

1As in the following quote: “[...]their solase in dorckaness, and splatter-
ing together joyously the plaps of their tappyhands as, with a cry of genuine
distress, so prettly prattly pollylogue, they viewed him, the just one, their
darling, away.” J. Joyce, Finnegans Wake, The Viking Press, New York
(1939), p.470
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face area to the point that the peak heat flux is manageable are

three common mechanisms to protect the first wall (HAPL).

The specific inertial fusion energy (IFE) reactor parameter

underlying the analysis in this paper are given in Table I[10]. In

this design, indirect drive fusion targets are injected into the

fusion chamber at a rate of 16 per second and produce a total

yield of 132 MJ with approximately 74% of the energy carried

by neutrons, 13% emitted as x-rays and the remaining 13% in

the expanding ions. The chamber is filled with 0.845 torr2 of gas

and this is allowed because the indirect drive target hohlraum

serves as the thermal shield as the target is injected into the

hot chamber. Laser propagation through the gas is of concern

as attenuation or wave front distortion of the laser beam might

adversely affect the amount of energy delivered to the target and

the absorption processes. Research on this topic shows that very

diffuse gas fills of the chamber lead to a negligible degradation

of laser performance[13]. The x-ray spectra for the target (see

Figure 3) is generated by the Lasnex code at Lawrence Liver-

more National Laboratory (LLNL), fit to 3 Planckian distribu-

tions and then input into the BUCKY radiation hydrodynamics

code[11][12]. The neutrons, mostly at 14.1 MeV have little effect

on the gas dynamics of the chamber and are assumed to stream

into a blanket layer where they are thermalized, captured, and

converted to usable energy and tritium. The possibility of run-

ning the engine as a fusion-fission hybrid that utilizes the high

2The value of 0.845 torr value is arrived at by calculating the ideal
gas pressure at 293 K for the specified density of 6 /mug/cm3. Historical
literature often quotes gas density in terms of pressure.
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energy neutrons to breed fissile material along with producing

tritium has also been studied[14].

The gas filled chamber design shields the first wall from direct

bombardment by the target ions and attenuates the prompt x-

rays from the target. This allows the first wall radius to be

much reduced from that of a near vacuum chamber as in the

HAPL design. The ions deposit their energy in approximately

100 cm in the gas, generating an initial blast wave in the xenon

that propagates outward to the chamber wall while the thick-

ness of the gold hohlraum is assumed to be enough to stop the

3.5 MeV alpha particles. The range of 3.5 MeV alphas in gold

is 11 × 10−3g/cm2, this requires a thickness of between 5.7-11

microns[15]. In simulations, the x-ray spectrum is modeled as 121

logarithmically spaced energy groups from 0.1 to 100 keV. The

unattenuated x-rays produce a prompt temperature response

on the first wall surface and the attenuated x-rays produce a

Marshak heat wave that propagates through the Xe gas. These

dynamics are affected by a number of variables designated in the

chamber design; chief among them are chamber radius, cham-

ber fill gas and fill gas density. All of these properties are easily

manipulated in computer simulations and give bounds on the

design of the chamber. Differing fill gases will affect the shock

speed of the initial blast wave produced by the deposition of the

energy in the ions. The purpose of these 1-D simulations is to

estimate the conditions of the gas filled chamber and first wall

material after multiple fusion events. This allows for considera-

tion of the materials used for both the fill gas and the first wall.
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These results well characterize bounds for the engine fill and ra-

dius, but must be taken as a 1st approximation due to the lack

of a turbulence model and consideration of multi-dimensional

hydrodynamic effects.

II Radiation Hydrodynamics Model

The BUCKY code is a 1-D lagrangian radiation hydrodynam-

ics code under development since 1973. It models plasmas us-

ing the one fluid, two temperature (electron and ion) approx-

imation.Equations of state from a number of sources includ-

ing SESAME, Flexible Atomic Code (FAC) and University of

Wisconsin equation of state codes[16][17][18] are compatible with

BUCKY. It models radiation using multi-group flux-limited dif-

fusion theory. BUCKY uses group-wise opacities from a number

of sources including FAC and UW opacity codes and has full ca-

pability of modeling target implosions and thermonuclear burn,

including burn product energy deposition. It has energy in-

put models for lasers (including ray tracing), ions and electron

beams. More important to this paper is BUCKY’s capability

to model stationary solid state materials with table inputs for

thermal conductivity, specific heat, and melting and vaporiza-

tion temperatures. This allows accurate thermal modeling of the

chamber first walls. Simulating target explosions in gas filled

chambers is a unique capability of BUCKY. The target explo-

sion is modeled as a point x-ray and ion source at the center of

a spherical chamber. X-ray source terms are input into BUCKY
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as time and energy dependent data tables. Ion source terms are

input into BUCKY as time, energy, and species dependent data

tables.

III Base Case Analysis

The base case is defined as a 6 meter radius chamber filled with

xenon gas with a density of 6 µg/cm3 with an initial tempera-

ture of 0.45 eV (see Table I for details on simulation set-up and

for a model see Figures 1 and 2). The initial temperature was

determined by running the base case simulation to estimate a

cyclic steady state by taking the final time zone boundaries, ion,

electron and radiation temperatures and densities as the initial

conditions for the next simulation. The final cyclic steady state

temperature is approximated by taking a mass average of the

temperatures across the zones. The x-ray source term has a

Gaussian temporal distribution with a total emission time of 35

ns. All energies are distributed in time with only the intensity

of each group varying as given by Figure 3. The ion spectra

is shown in Figure 4 and like the x-ray spectra is released as a

point source at the chamber center. Here ions are given a ki-

netic energy and allowed to slow down and deposit energy into

the gas via the expected ion stopping power relations. This case

is examined to set a baseline for the temperature rise in the first

wall, speed of shock wave propagation and effect of the Marshak

wave dynamics on the chamber state. The number of finite dif-
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ference zones used to describe the gas is tested to investigate

the effect on convergence of outputted quantities. In all cases,

for the gas zone test described in this section and the parame-

ter study done in the later sections, the same number of zones

are used in the wall to allow for comparison of the same wall

response with differing chamber parameters.

III.A Zone Refinement and Results

In each case there are 70 zones in the wall. The first 30 of the

wall zones are chosen by estimating the discretized thermal time

constant of the wall material:

∆t = (
ρCv

κ
)(∆x)2 (1)

Which can be rearranged to:

∆x =

√
κ

ρCv

∆t (2)

where ∆t is the characteristic time in seconds defined in the in-

put for the prompt x-ray emission, in this case 1×10−13 seconds.

Equation 2 requires the first wall surface zone to be 7×10−8 cm

thick. Using this value, the total 70 zones of the wall are di-

vided into two sections: 30 zones that are all 7×10−8 cm and

40 zones that increase in thickness from zone to zone by 38.5

% to bring the wall up to a total thickness of 0.11 cm. This is

done in to increase the accuracy of the thermal gradient in the

first wall. This gradient is extremely steep as the wall heats up

(see Figures 8 and 11) The wall material used in all cases is 409
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stainless steel2 with material properties taken from the product

data bulletin from the AK Steel Corporation[20]. The properties

of the steel are plotted in Figure 5 and for any temperatures

that are off scale are extrapolated.

The zone numbers in the gas used to study the effect on the

chamber dynamics are 250, 400 and 600. In each case, the first

zone is 28.8 cm, which with the 6 µg/cm3 of xenon gas fill is 1

gram of material. This is chosen since the hohlraum target is

constructed of approximately 1 gram of lead, leading the first

zone to have the same mass as a target. Each simulation is fol-

lowed by a region of zones of increasing width (150, 300 and 500)

with the last 100 zones not increasing. The simulation is run for

62.5 ms, the time between shots for the engine operating at 16

Hz. The results of these simulations show that the maximum

first wall temperature in the first zone of the wall is the same,

1136 K, and the maximum overpressure is similar in all cases,

varying only slightly between the 400 zone case and the 600 zone

case by 4×10−5 MPa (5.83×10−3 and 5.87×10−3 MPa)and the

250 zone case only varying by 5×10−5 MPa (5.78×10−3 MPa).

Additionally, in each case an outer shock arrives at the wall at

2.4 ms with an inner shock arriving at 4.25 ms (this can be

seen in the RT plot given in Figure 6). As each case has nearly

identical output, all subsequent simulations for the parameter

study are done with 400 zones in the gas.

2While these simulations are performed with 409 stainless steel as a
representative wall material, the engine will use HT-9 to reduce neutron
activation[19].
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III.B Double Shock

Clearly seen in Figure 6 are two distinct shocks incident on the

wall at different times. The inner shock forms at about 100

cm from chamber center and is created from slowing down and

stopping of the expanding target ions by the gas. The outer

shock forms at about 320 cm from chamber center and is cre-

ated from the Marshak wave slowing to approximately the fluid

response time of the gas. This is revealed by the time sequence

of the Marshak wave as it propagates through the gas (see Fig-

ure 7). This outer shock, which arrives at the wall first is seen

in all simulations carried out in this parameter study, and when

the Marshak wave is plotted as it is in Figure 7 for the given

gas fill and density, it has a similar shape and stalls at around

the same radius that the outer shock develops. The two shock

phenomenon deserves further study.

IV Parameter Study

The main aim of the parameter sweep is to investigate what ef-

fect the fill gas type, fill gas density and chamber radii have on

the chamber and first wall response to target explosion. Split-

ting the parameters into two groups, gas fills and chamber radii,

simulations are run with radii of 4, 5, 6, 8, 10, 12 and 14 meters

and gas fills of xenon at 6 and 2 µg/cm3 and argon at 6 and

1.86 µg/cm3. The value of 1.86 µg/cm3 is chosen as this is the

same number density of xenon at 6 µg/cm3. The three main

engineering design quantities of interest for each simulation are
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maximum first wall temperature, maximum overpressure on the

first wall and arrival of shock wave(s) at the first wall. The

first wall temperature is key because as a thermo-electric power

plant, the higher the first wall temperature the more efficiently

electricity can be generated[10]. In addition to the generation

of electric power, the maximum temperature of the first wall

must be determined to ensure that the candidate materials can

survive. To this end a temperature of 2/3 the melting temper-

ature of the surrogate steel is considered the design limit. This

temperature, 1202 K, is compared with the first wall tempera-

tures of each case. The base case mentioned in Section 2 is 66

K lower than this limit. The maximum overpressure and the

arrival of the shock wave are important for two reasons; 1) in-

sult to the first wall and any optical apertures or sensors present

and 2) considerations for chamber clearing of gas or target in-

jection through gas. The challenges of target injection have

been studied[21] and the results of a study concerning chamber

clearing will be published at a later date[22]. Important values of

engineering interest are tabulated in Table II. Each distinct case

shows a clear tread that both the overpressure for the chamber

and the first wall temperature decrease with increasing radius.

This is expected as the temperature depends on the amount of

x-ray attenuation that occurs but is also heavily dependent on

the amount of area the heat flux is incident on. This dependence

is shown in Figure 8 as the values of the first wall temperature

are shown to be dependant on a 1/r2 relation with a high con-

fidence level (the fit has R2 of 0.9998). This is also seen in the
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overpressure, which is dependent on the overall volume of the

gas behind the blast wave, as the pressure depends on the force

of the blast wave distributed about the surface of the first wall.

The relation of this then is dependent on a 1/r3 relation with

a high confidence as shown in Figure 9 (here the R2 value is

0.9758). These relations are seen for all the gas fill and densities

performed in the parameter study.

V Discussion

The BUCKY simulations show a trend that was expected: As

the chamber radius increases both the first wall temperature

and the overpressure decrease. The chamber gas fill and density

shows the dependence of first wall heating on the prompt target

x-rays; the more the gas is able to attenuate the x-ray spectra

the more the first wall heating is due to the re-radiation of the

chamber gas to the first wall. In all the 6 µg/cm3 Xe chambers

the maximum temperature is due to the re-radiation of x-rays

onto the first wall from the gas while for the 1.83 µg/cm3 Ar

chambers the maximum temperature is due to the prompt tar-

get x-ray deposition in the first wall. The 2 µg/cm3 Xe and

6 µg/cm3 Ar chambers have the same result that the prompt

target x-rays are the major contributor to the maximum tem-

perature rise for all chambers of 8 m radius and less (see Figure

11 and Table II for details). This dominance of the temperature

rise due to prompt x-ray emission instead of temperature rise

being due to re-radiation is due the lessened impact of x-ray
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attenuation. Argon has a lower opacity than the xenon, lead-

ing to less x-ray attenuation, and the lower density xenon also

has a lower attenuation of x-rays when compared to the higher

density cases. This influence of the density is also seen in the

shock times in Table III where the high density cases lead to a

longer shock propagation time as it requires more energy for the

shock to reach the wall. The higher density also, as anticipated,

yield a higher overpressure incident on the first wall, although

in all cases the overpressure is still low. This result allows for

better understanding of the exact insult to the first wall. The

analytic fits to the maximum first wall temperature rise allow

for limits to be placed on both the minimum and maximum size

of the chamber as a small chamber allows for too much first

wall heating which could have adverse affects on the integrity

of the engine chamber and a large chamber has the problem of

adverse engineering issues and economics. While these results

are for a representative stainless steel, the analysis gives a good

approximation to first wall temperature insult. The overpres-

sure analysis shows that a pressure shock wave will not be as

important in chamber engineering as the first wall temperature

but does give an idea of the insult to any sensors, diagnostic

tools or optical apertures that are built into the chamber walls.

This insult will be nearly negligible as the reported overpressure

is extremely small, and the shock arrival time will not interfere

with any chamber clearing or target injection.
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VI Future Work

Future studies of the engine include a similar parameter study

using gas mixtures of Ar, Xe and other gases to determine

whether an optimum mixture exists that minimizes the prompt

temperature rise and the later temperature rise from the re-

radiating gas. A non-local thermodynamic equilibrium code will

be used to study the influence of non-LTE radiation physics on

the chamber dynamics. Alternative first wall materials with su-

perior thermal properties will be studied if there is a desire to

reduce the chamber radius.
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TABLE I

Gas Fill 6 µg/cm3 xenon
Gas Zoning 400 Gas Zones, first 300

zones are allowed to increase
by 1.3% last 100 are equal
mass

Wall Zoning 70 Wall Zones, first 30 zones
are 7×10−8 cm wide
last 40 are allowed to in-
crease by 38.5%

Chamber Radius 6 m
Wall Material AK 409 Stainless Steel
Initial Xenon Temperature Gas: 0.45 eV

Wall: 0.0752 eV
Initial Electron Tempera-
ture

Gas: 0.45 eV

Wall: 0.0752 eV
Initial Radiation Tempera-
ture

Gas: 0.0752 eV

Wall: 0.0752 eV
Total Indirect Drive Target
Yield

132 MJ

Energy in Neutrons 97.68 MJ
Energy in Ions 17.16 MJ
Energy in X-rays 17.16 MJ
Opacity Data 121 logarithmically spaced

FAC
EOS Data 1-T FAC Data for Xenon

and 1-T BADGER[18] for
steel

Minimum Time Step for x-
ray Deposition

1×10−13 seconds

Repetition Rate 16 Hz
Laser Type Diode pumped lasers with

351 nm wavelength
Total Laser Energy 2.2 MJ
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TABLE II

Gas Type and
Density

Radius 1st Wall Tem-
perature [K]

∆t to Maxi-
mum Temper-
ature [sec]

4∗ 1470 4.0×10−5

5∗ 1249 4.0×10−5

6∗ 1136 4.0×10−5

Xenon
6µg/cm3

8∗ 1026 4.0×10−5

10∗ 972 4.0×10−5

12∗ 941 4.0×10−5

14∗ 923 4.0×10−5

6+ 1316 4.0×10−8

8∗ 1078 1.45×10−5

Xenon
2µg/cm3

10∗ 1006 1.45×10−5

12∗ 964 1.45×10−5

14∗ 938 1.45×10−5

4+ 2312 4×10−8

5+ 1600 4×10−8

6+ 1279 4×10−8

Argon
6µg/cm3

8+ 1031 4×10−8

10∗ 955 4×10−5

12∗ 929 4×10−5

14∗ 913 4×10−5

6+ 2057 4×10−8

8+ 1418 4×10−8

Argon
1.83µg/cm3

10+ 1164 4×10−8

12+ 1046 4×10−8

14+ 985 4×10−8
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TABLE III

Gas Type and
Density

Radius Overpressure
[MPa]

Shock Arrival
Time [msec]

4 1.75×10−2 0.344
5 7.96×10−3 1.31
6 5.83×10−3 2.41

Xenon
6µg/cm3

8 4.13×10−3 4.80

10 3.41×10−3 7.35
12 3.01×10−3 9.97
14 2.77×10−3 12.7

6 4.34×10−3 0.622
8 2.10×10−3 2.71

Xenon
2µg/cm3

10 1.51×10−3 5.08

12 1.26×10−3 7.63
14 1.10×10−3 10.3

4 2.44×10−2 0.839
5 1.80×10−2 1.41
6 1.50×10−2 2.25

Argon
6µg/cm3

8 1.20×10−2 3.24

10 1.04×10−2 4.56
12 9.60×10−3 5.92
14 9.00×10−3 7.32

6 5.52×10−3 1.46
8 3.95×10−3 2.70

Argon
1.83µg/cm3

10 3.33×10−3 3.50

12 2.97×10−3 5.35
14 2.75×10−3 6.75
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TABLE IV

Gas Type and

Density

Fit (radius r is in m) R2

value

Xenon

6µg/cm3

Temperature [K]: y = 9.46×103

r2
+ 875 0.9998

Overpressure [MPa]: y = 0.976
r3

+ 0.002 0.9758

Xenon

2µg/cm3

Temperature [K]: y = 1.66×104

r2
+ 843 0.9905

Overpressure [MPa]: y = 0.760
r3

+ 0.0008 0.9956

Argon

6µg/cm3

Temperature [K]: y = 2.42×104

r2
+ 709 0.9768

Overpressure: y = 0.990
r3

+ 0.009 0.9852

Argon

1.83µg/cm3

Temperature [K]: y = 4.78×104

r2
+ 709 0.9955

Overpressure [MPa]: y = 0.636
r3

+ 0.003 0.9948
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Fig. 1. Conceptual depiction of the engine chamber. The

radius of the chamber and the fill gas are varied in the simula-

tions of this paper, though the standard design calls for 6 meter

radius.

Fig. 2. Conceptual design of the engine chamber sealed

within an outer vacuum chamber.

Fig. 3. X-ray spectrum point source for the simulations. The

spectrum is normalized to 1 MJ and then scaled to the desired

x-ray yield.

Fig. 4. Ion spectrum point source for the simulations. This

spectrum is scaled to the desired ion yield.

Fig. 5. Thermal properties for the steel first wall material.

The specific heat is solid and the thermal conductivity is dashed.

Fig. 6. Radius-Time plot for the base case of 6 µg/cm3 of

xenon in a 6 meter chamber. The plot shows the arrival of two

shock waves, with the outer shock reaching the wall at 2.7 ms

and the inner shock at 4.5 ms.

Fig. 7. Marshak wave propagation for the 6 meter 6 µg/cm3

xenon filled chamber. The wave begins to slow the further it

propagates out, with the front speed dropping sharply at ap-

proximately 100 µs at a radius around 330 cm, which is the

same radius where the outer shock develops.

Fig. 8. Temperature gradient in the first wall of the 6

µg/cm3 xenon filled 6 meter chamber. The gradient is steep

as the first wall heats initially and then decreases as the heat

diffuses through the wall.

Fig. 9. Fit (solid) vs simulation results (dot) for the 6
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µg/cm3 Xe chamber first wall temperature vs. radius. The

4 and 5 meter cases have temperatures above the safety limit.

Fig. 10. Fit (solid) vs simulation results (dot) for the 6

µg/cm3 Xe chamber overpressure vs. radius.

Fig. 11. Comparison of 6 meter chambers with 1.83 µg/cm3

Ar (dashed) and 6 µg/cm3 Xe (solid) gas fills. The Ar cham-

ber has a maximum temperature rise due to the prompt x-ray

release while the Xe chamber has a maximum temperature rise

due to thermal transport from the chamber gas into the first

wall.

TABLE I. Simulation Parameters for Base Case

TABLE II. First Wall Temperature Load and Time to Max-

imum Temperature

Note: All chambers with ∗ next to the radius have maximum

temperature due to heating from re-radiating gas whereas those

with + are due to heating via prompt target x-rays.

TABLE III. Maximum Overpressure on First Wall and Shock

Wave Arrival Time

TABLE IV. Fits for temperature in the wall and overpres-

sure incident on wall
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